Introduction
In this paper we describe a flow diagnostic based on the molecular Although LDV can typically achieve data rates of a few tens of kHz, it is difficult to achieve much higher rates without introducing larger amounts of seed material into the flow.
In practice, LDV normally provides mean velocity and a measure of turbulence intensity. Furthermore, the measurements are random in time, which makes it difficult to obtain time history data needed for power spectra. In turbulent flows, LDV measurements are beset by a variety of so-called biasing temperature is related to the width of the Rayleigh spectrum; and one component of velocity is proportional to the shift of the spectra peak from the frequency of the incident light. Because the spectral width is also a function of the molecular weight of the gases in the flow, "knowledge of the gas composition is generally required; however, this is not a concern in the proposed work, which is directed toward air flows where the composition is well defined. In any case, velocity measurements, .because they are determined from the frequency of the peak of the spectrum, are independent of the gas composition. Rayleigh scattering is particularly suitable for measurement of supersonic and hypersonic velocity where the mean molecular velocity (flow velocity) is larger than the random molecular velocity (temperature).
Because of the relative simplicity of Rayleigh scattering based gas density measurements, they have been more widely used than velocity and temperature measurements. In our work, for example, time and phase averaged density measurements have been made in an underexpanded supersonic free jet in support of jet noise studies 2.
We have also demonstrated simultaneous multiple point density measurements for determining gas density fluctuation spectra, cross-spectra, and cross correlation functions in a low speed heated jet 3.
The more difficult problem of dynamic velocity and temperature measurements was first addressed in a previous paper 4. That scheme used direct imaging of the The network is trained using numerically generated data based on a mathematical model of the optical system. Once trained, the network can rapidly process the large amount of data. We first test the technique using artificial data based on an assumed velocity turbulence intensity and power spectrum. An experiment is then described that was conducted to evaluate the technique on a low speed flow (up to about 100 m/sec). Preliminary results are given for velocity timehistoryandfor the powerspectrum of velocity fluctuations in theflowdownstream ofa sphere located intheflow.
Theory
Rayleigh scattering
For the purposes of this paper we consider Rayleigh scattering from a low density gas. The spectrum for this situation has a Gaussian profile given by where fo is the laser frequency and u is the mean gas velocity. The interaction wave vector is K = ks-ko (with k. and Iq being the wave vectors of the incident and scattered light), and a = (2KTIm) 1'2is the most probable molecular speed (with n being Boltzmann's constant, m the molecular mass, and T the gas temperature. Note that the spectral peak is shifted by a frequency proportional to the component of the bulk velocity in the K direction. The spectral width is proportional to the square root of the gas temperature. It is convenient to introduce the velocity component
which represents the measured velocity component. Appropriate baffles and stops were used to prevent any stray laser light from entering the fiber. The lower bound for velocity uncertainty was numerically evaluated as a function of the fringe order no and the velocity using equations 1, 3, 4, 6, 7, and 8. For this calculation, three unknown parameters were assumed (i.e., the cti in eq. 3 were AR, uk, and T). The results are shown in figure 3 for the optical system described above for a single measurement using 5 mJ of laser energy (i.e, a measurement made in a 1 msec time interval using a 5 W laser). Note that the minimum uncertainty for velocity measurements depends on the fringe order no and velocity. Thus, the fringe order should be set to minimize the velocity uncertainty for the expected velocity. In this example, the minimum uncertainty is about 18 m/sec. As discussed above, an ideal measurement for a 1 ms time would have an uncertainty of about 2 m/sec. Thus, for our FPI based measurement system, the expected velocity uncertainty is about an order-of-magnitude larger than the uncertainty using an ideal instrument.
Experiment Setuo
The optical system described above and shown in figure 1 (with the laser output power equal 5 W) was used to measure the flow in a subsonic free jet (15.9 mm exit diameter). A 3.0 mm diameter sphere was placed at the exit plane of the jet to generate turbulence.
The probe volume was 18 mm from the exit plane. The laboratory compressed air supply used for the jet was passed through a three stage filter to remove particles and oil vapor. As shown in figure 1, PC based data acquisition system was used to record the signals from the PMT's. The load resistors (100 k._) for each channel were selected to give a 3 dB frequency cutoff of about 1 kHz, so the velocity uncertainty was expected to be similar to that shown on figure 3. Each channel was digitized at a 20 kHz rate for 25 seconds, resulting in 500,000 samples for each channel. Although the separate PMT for density measurements was included in the setup to give simultaneous velocity anddensity measurements, theemphasis wasplaced on measuring velocityfluctuations sincethe density fluctuations were expected tobesmall forthelowMach number flow usedin theexperiment. Examples of powerspectra of density fluctuations measured in a flow with larger densityfluctuations are given references 3and11. No noise was included in the training data. The training was continued until the maximum error was less than 1%. Data, either simulated or experimental, could be processed with the ANN to recover the velocity time record from the PMT signals.
The power spectrum was then calculated using the Welch method of modified periodograms.
Welch method of modified periodograms
We used the Welch method of modified periodograms _2 to calculate an estimate of the power spectrum of the velocity fluctuations. In this procedure, a long data record sampled at rate f, for time T (total samples = N = Tf_ ) is subdivided into a number K of smaller records (which may be overlapping), each of length L samples. The modified periodograms of each sub-record are calculated using a data window; these individual periodograms are then averaged to obtain the estimate of the power spectrum.
The frequency resolution of the resulting spectrum is thus f,/L. By overlapping the segments by one half of their length, a near maximum reduction in the variance in the spectral estimate is achieved; the variance in the estimated spectrum is reduced by a factor of 1 I/9K compared to the variance of a single spectral estimate.
Results_
Numerical simulation results
The data processing scheme was evaluated using simulated data for a turbulent flow. A simulated velocity time record for turbulent flow was first generated by filtering Gaussian white noise to obtain a time record with the desired power spectrum. Finally, an estimate of the power spectrum of the velocity fluctuations was calculated using the Welch method described above. Experimental results An example of data obtained with the optical setup described above is shown in figure 5 . The flow velocity calculated from the total pressure and total temperature was 119 m/see. The sampling rate was 20 kHz and a total of 500,000 samples were obtained for each of ten channels of the multiple anode PMT and for the single channel PMT used for density.
Nine of the multiple anode PMT channels were used to obtain dynamic velocity. The signals from each of the nine channels were first scaled by the mean values obtained from the simulation discussed above. This served to compensate for any differences in gain in the nine channels and fixed the mean velocity at 119 m/sec. The data from each channel was also filtered with a digital RC low pass filter with a cutoff frequency of 5 kHz.
The data were processed with the ANN trained with the simulated data described in the above section. The velocity probability distribution function is shown in figure 5a (mean of 120 m/sec and a standard deviation of 36 m/sec).
In this experiment, turbulence was not independently measured, so it is not possible to separate the effect of flow turbulence from that of shot noise on the standard deviation. The power spectrum of the velocity fluctuations calculated using the Welch method and is shown in figure 5b . The density fluctuation spectrum is shown in figure 5c . The relative standard deviation of the data for the density measurement was 10 %. Since the density fluctuations for this low speed flow should be very small, the fluctuations in the density data were expected to be only caused by the photon statistical noise.
The extraneous peaks in the high frequency regimes of the velocity and density spectra are thought to be a result of electrical interference. 5 -Results of experiment to measure velocity and density power spectrum using molecular Rayleigh scattering data processed with artificial neural network (ANN); sampling rate was 20 kHz and bandwidth was limited to 1 kHz, number samples was 256K (a) probability distribution function of velocity obtained from ANN, (b) velocity power spectrum calculated using Welch method of modified periodograms, (c) density fluctuation spectrum.
Concluding remarks

